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ABSTRACT
The migration of neurons from their place of birth to their place of function is an
important process during neurodevelopment. Two adaptor proteins, Crk and Crkl, are
known to be important factors for neuronal migration. In the neocortex, both molecules
play a critical role in the well studied Reelin signaling pathway, guiding newly born
neurons to their correct cell layer to create the laminated structure of this tissue. These
two adaptor proteins are implicated in human disease of the nervous system.
Heterozygous compound deletion of human chromosome 17p13, which includes CRK,
occurs in Miller-Dieker syndrome, a severe type of lissencephaly (smooth brain
syndrome). Autosomal dominant compound deletion of human chromosome 22q11.2,
which includes CRKL, causes DiGeorge Syndrome, a neural crest migratory disease that
effects the heart, kidneys, ears, immune system, and face. Danio rerio, or zebrafish, are a
great model to study the developing nervous system, and are used in our studies. We
characterized expression of crk and crkl at various stages of zebrafish embryo
development and determined that both are expressed in the developing eye. We aim to
determine if Crk and Crkl have a role in eye development, as the eye and neocortex are
very similar in the way they are patterned, and little is known about the signaling
mechanisms that guide lamination of the retina. Using mutant knockout lines, we have
determined gross retinal phenotypes of Crk deficient, Crkl deficient, and Crk and Crkl
compound deficient embryos. Crk and Crkl are both required for proper eye
development, as combinations of Crk and Crkl deficiency lead to impaired formation of
this tissue. Crk seems to be particularly important for proper eye size, and Crkl is
required for proper lamination. This preliminary research is critical to further elucidating
the role Crk and Crkl are playing in the retina.
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CHAPTER 1: INTRODUCTION
Cell migration is important for the development of an organism as a whole, but is
particularly critical for the development of the nervous system. Migration constructs the
structure of the nervous system, which is imperative for how the nervous system
functions. Patterning of many regions of the central nervous system including the cortex,
cerebellum, olfactory bulb, and retina all depend on cell migration. Determining the
molecular mechanisms underlying this process is essential for our understanding of
neurogenesis.
1.1. Migration in the developing nervous system
At the beginning of neurogenesis, the neural tube consists of a one-cell layer thick
structure that is rapidly expanding through cell proliferation. Progenitors are connected to
the innermost (apical) and outermost (basal) neural tube by their cellular processes. This
proliferating population of cells undergoes a process called interkinetic nuclear
migration, where the nucleus moves from apical to basal surface of the tissue through the
cell cycle. The nucleus is found at the apical surface during M phase and division, and the
basal surface during S phase (Fig. 1). In early neurogenesis, all the cellular divisions are
symmetric, with both daughter cells becoming progenitors and continuing to proliferate
(Fig. 1 Left). Later in neurogenesis, cellular divisions become asymmetric where, during
division, one cell becomes a neuronal precursor that migrates away from the apical
surface to its area of function in the nervous system (Fig. 1 Right). In this way, the neural
tube begins to expand and to create the complicated structure of the central nervous
system (Miyata, 2008, Sanes et al., 2011).
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Figure 1. Interkinetic nuclear migration in the developing nervous system. During the phases of the
cell cycle, progenitor cells, anchored by cellular processes on both the apical (bottom) and basal (top)
surfaces, move their nuclei from apical to basal surface in accordance with the phase of the cell cycle
they are in. In S phase, nuclei are at the basal surface and during M phase at the apical surface. (Left)
Symmetric cell divisions result in two progenitor daughter cells while asymmetric cell division (Right)
results in one progenitor cell and one neuronal precursor cell that must migrate away from the apical
surface. Republished with permission (John Wiley and Sons license #4302110800113) (Chan et al.,
2002).
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Because neurons are typically not born at their final location within the nervous
system, migration is a necessity. Routes newly born neurons travel are broken into two
classes: tangential migration and radial migration. Tangential migration occurs when
neurons migrate perpendicular to the apico-basal orientation of the tissue, typically a long
distance route. Examples of this include the migration of cortical inhibitory neurons,
granule cell migration to the cerebellum, and the rostral migratory stream that creates the
olfactory bulb. Radial migration is the movement of neurons from the apical surface to
the basal surface in the same tissue, moving parallel to apico-basal orientation. Examples
of this type of migration include cortical lamination, purkinje cell migration in the
cerebellum, and lamination of the retina. Neuronal travel can be broken down further by
the manner in which neuronal precursors move, specifically if they migrate with the help
of glia, have cellular processes extended to the top or bottom of a tissue anchoring the
cell, or move freely extending multiple cell processes in search of migration cues in their
environment. In this way, the movement of neurons from their tissue of birth to their
tissue of function is a complex process (Sanes et al., 2011).

An example of tangential migration in the developing nervous system is the route
in which interneurons take to the cortex. The adult mammalian cortex contains 6 cellular
layers, radial migration populating the cortex with excitatory neurons (discussed below)
and tangential migration providing inhibitory neurons. Interneurons are extremely
important for the functioning of the cortex, as evident from defects in tangential
migration in human disease. For example, Miller-Dieker syndrome, a severe
lissencephaly which is described later in this chapter, arises from defective tangential
3

migration of inhibitory interneurons, as well as radial migration defects (Pancoast et al.,
2005). In humans, 35% of interneurons in the cortex are generated from the medial
ganglionic eminence (MGE) and migrate tangentially to target layers in the cortex (Fig.
2) (Letinic et al., 2002).

Migration of neurons from the ventral zones of the

telencephalon to the developing cortex was first discovered by tracking migratory routes
through DiI injections into the ganglionic eminence (de Carlos et al., 1996) and this
population was determined to be GABA-ergic (Tamamaki et al., 1997), require Nkx2.1
expression (Sussel et al., 1999) and migrate with dependence on Semaphorin,
Neuroregulin, and Neurotropin guidance cues (Marin et al., 2001, Flames et al., 2004,
Polleux et al., 2002). Once in the cortex, these inhibitory interneurons migrate
tangentially, and finally radially, to position themselves in their correct cortical layer.

A highly characterized example of patterning in the central nervous system that
relies on radial migration is the lamination of the cortex. As mentioned above, the adult
cortex consists of 6 cellular layers, and each layer is critical to the functioning of this
tissue. During early neurogenesis in the region of the neural tube that will become the
cortex, neuronal progenitors that create the excitatory neurons reside on the apical surface
of the neural tube, or the ventricular zone (VZ), with a process that extends the length of
the neocortex. These progenitors are the radial glia, and are both the “stem cells” of the
cortex as well as a substrate along which migrating neurons can travel (Noctor et al.,
2001, Noctor et al., 2002). The first layer of the neocortex formed early in development is
the preplate. The most superficial (basal) surface of the preplate, and eventually the
neocortex as a whole, is the marginal zone (MZ). The Cajal-Retzius neurons reside in the
4

Figure 2. Tangential migration in cortical development. In the developing brain, inhibitory
interneurons are generated from the medial ganglionic eminence and migrate tangentially to the
neocortex. (A) Lateral view and (B) cross section through the developing brain showing the migratory
path. (C) Once in the neocortex, interneurons migrate tangentially and radially, intermixing with
cortically derived excitatory neurons, to find their correct cortical layer. LGE, lateral ganglionic
eminence; MGE, medial ganglionic eminence; MZ, marginal zone; CP, cortical plate; IZ, intermediate
zone; SVZ, subventricular zone; VZ, ventricular zone; R, radial glia; Red arrows show migratory path of
interneurons; Red cells, ventrally derived interneurons; Green cells, cortically derived neurons.
Republished with permission (Elsevier license #4323071149951) (Sanes et al., 2011).
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MZ and are critical for the lamination of the cortex (Super et al., 2000). Directly
underneath the MZ in the preplate are the subplate cells. As development persists,
proliferating progenitors in the VZ undergo asymmetric cell divisions and create neuronal
precursors. These neuronal cells migrate to the basal surface of the neocortex in between
the Cajal-Retzius neurons in the MZ and subplate layers, and become integrated into an
area called the cortical plate (CP), splitting the preplate into the MZ and the
subventricular zone (SVZ) (Fig. 3) (Noctor et al., 2004, Noctor et al., 2008). The SVZ
also houses mitotic progenitor cells, called intermediate progenitor cells, that divide
symmetrically and create neurons that migrate into the CP, similar to neurons generated
from the VZ (Fig. 3) (Noctor et al., 2004). Cell divisions occur in waves in the neocortex,
with each wave creating a new layer of cortical neurons expanding the CP, until all 6
cellular layers are born (Angevine and Sidman, 1961). Each cellular layer migrates from
the VZ/SVZ to the basal surface, past the earlier born neuronal layers. In this way,
cortical lamination is patterned in an “inside-out” manner, in that the earlier born neurons
reside closest to the apical surface, and the later born neuronal layer on the outmost basal
surface.

Discovery of the major signaling pathway dictating “inside-out” cortical
lamination occurred through the characterization of a mouse model with defective motor
function. Mice deficient in the protein Reelin (RELN) did not have correctly laminated
cortices or cerebella (Caviness and Sidman, 1973, D'Arcangelo et al., 1995). Newly born
neurons could not migrate past the older neuronal layers in these mice, leading to an

6

Figure 3. Radial migration in the neocortex. During cortical development, excitatory neurons born in
the ventricular zone or the subventricular zone must migrate radially to reach their correct cortical layer.
(Top) Progression of cortical layer formation from early (left) to late (right) cortical development.
(Bottom) Neurons are born from either asymmetric cell divisions that occur in the ventricular zone (VZ)
on the apical surface (Left), or from symmetric divisions of the intermediate progenitors in the
subventricular zone (SVZ) (Right). R, radial glia. Republished with permission (Elsevier license #
4323071149951) (Sanes et al., 2011).
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“outside-in” layered cortex (Fig. 4). The loss of correct migration results in mice with
defective motor function and a wobbling gait. In this way, the importance of RELN in
neuronal positioning was determined.

After the discovery of RELN, the signaling pathway that it stimulated was pieced
together. RELN is an extracellular ligand that initiates a cellular signaling cascade
ultimately leading to neuronal migration and cellular positioning. RELN is secreted from
Cajal-Retzius neurons in the marginal zone of the neocortex, which creates a gradient of
RELN that is strongest at the basal surface and sharply tapers off towards the apical
surface (D'Arcangelo et al., 1997, Ogawa et al., 1995). The RELN ligand functions as a
dimer or higher order multimer that binds to the ApoER2 and VLDLR receptors on the
migrating neuron’s surface (D'Arcangelo et al., 1999). The binding of RELN to the
receptors causes the Disabled-1 protein (DAB1) to be phosphorylated by SRC Family
Kinases, and this phosphorylation in required for signal transduction (Howell et al., 1999,
Sheldon et al., 1997, Kuo et al., 2005). CRK, an adaptor protein, binds to phospho-DAB1
(Huang et al., 2004) and propagates a signaling cascade regulating the activity of C3G,
RAP1 (Ballif et al., 2004), and cell adhesive molecules (Matsunaga et al., 2017, Jossin
and Cooper, 2011, Sekine et al., 2012, Gil-Sanz et al., 2013) that ultimately leads to
neuronal migration and positioning (Franco et al., 2011). Disrupting this pathway by
knocking out any of the key signaling players results in “outside-in” cortical lamination
similar to the original reeler phenotype (Trommsdorff et al., 1999, Park and Curran,
2008, Sheldon et al., 1997, Kuo et al., 2005).

8

Figure 4. RELN is critical for proper cortical lamination. (A, B) Normal versus (C, D) reeler mouse
layer formation in the cortex. During normal cortical development, newly born neurons migrate to the
most basal surface of the tissue past older neuronal layers, laminating the cortex in an “inside-out”
fashion. Defects in RELN result in “outside-in” lamination of the cortex in that newly born neurons do
not migrate past older layers. CR, cajal-retzius neurons; VZ, ventricular zone; SP, subplate. Republished
with permission (Elsevier license #4303821235818) (Cooper, 2008).
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1.2. Retinal development and the importance of migration
Although mechanisms of neuronal migration in some tissues have been well
characterized, mechanisms of migration in other tissues, like the developing retina, are
less well understood. The retina is similar to the cortex in that it consists of a highly
organized laminated structure with multiple cellular layers that are critical to its correct
functioning.

During development, retinal precursors in optic vesicles bud off from the
diencephalon and migrate to the sides of the embryo head. Once there, the optic vesicles
invaginate to form the optic cups and the lens is created from the invaginated surface
epithelium (Fuhrmann, 2010). Here, the proliferating progenitors in each optic cup
undergo interkinetic nuclear migration from the apical (innermost) to the basal
(outermost, closest to the lens) surfaces of the eye field and proliferate (Baye and Link,
2008). All of the neuronal cell types of the retina are born from this one population of
progenitors (Turner and Cepko, 1987, Holt et al., 1988). Through birthdating experiments
where cells were labeled based on when they were born during development, it was
determined that differentiation occurs in waves dependent on time of neuronal birth
(Young, 1985, Belecky-Adams et al., 1996, Rapaport et al., 2004, Wong and Rapaport,
2009). Retinal ganglion cells are born, migrate, and differentiate first, followed by cone
cells, horizontal cells, amacrine cells, rod cells, bipolar cells, and lastly muller glia
(Rapaport et al., 2004). The earliest born neurons are found in the center of the retina and
radiate outward (Rapaport et al., 2004). Early in development, undifferentiated neurons
that become retinal ganglion cells and amacrine cells are born by asymmetric cell
10

division at the apical surface of the eye vesicles. As eye development progresses, retinal
cell types that differentiate later are generated by symmetrical divisions of committed
precursor cells (Weber et al., 2014, Suzuki et al., 2013, Godinho et al., 2007). These
committed precursor cells reside close to their daughter cell’s final retinal layer and are
distinguished by morphology and cell type specific gene expression (Weber et al., 2014).
In this way, progenitors lose competency to become any retinal cell type as development
progresses, and this has been accredited to both intrinsic as well as extrinsic cues (Cepko
et al., 1996). This emerging model is contrary to prior belief that all retinal precursors
go through competency states from early to late retinal development (Wong and
Rapaport, 2009), and is still not fully understood.

The laminated structure of the retina can be subdivided into three neuronal layers
and two plexiform, or synaptic, layers. The apical-most layer is the outer nuclear layer
(ONL), containing the rod and cone photoreceptor cells that transduce photons of light
into an electrical signal. Photoreceptors synapse onto bipolar cells in the outer plexiform
layer (OPL) (Lamb, 2013). The inner nuclear layer (INL), basal to the OPL, is where the
bipolar cells, horizontal cells, and the amacrine cells reside (Euler et al., 2014, Masland,
2012, Kamermans and Spekreijse, 1999). Bipolar cells synapse onto the retinal ganglion
cells in the inner plexiform layer (IPL). Horizontal cells and amacrine cells are inhibitory
neurons that modulate the synapses in the OPL and IPL respectively (Grimes et al., 2010,
Thoreson et al., 2008). The retinal ganglion cell layer (RGCL), the most basal cellular
layer, houses the retinal ganglion cells (RGCs) (Sanes and Masland, 2015) and displaced
amacrine cells. Retinal ganglion cells project axons to the visual processing centers of the
11

brain (Fig. 5). The correct functioning of the retina hinges on appropriate retinal layering
for the neuronal communication to transmit visual signals to the brain.

Unlike in the cortex, time of birth does not determine in which cellular layer these
neurons will reside in the adult tissue. Interestingly, cell types seem to be born in random
order to where they will reside in the retina (Holt et al., 1988). For example, cone cells,
which will reside on the apical surface of the adult retina, are born in the middle of the
differentiation cascade. Retinal ganglion cells differentiate first and migrate to the most
basal surface of the retina. Live imaging studies have confirmed that RGCs migrate by
somal translocation, where the cell is attached to both apical and basal surfaces and
moves its cell body to the basal surface (Icha et al., 2016). Correct RGC translocation is
required for lamination of the rest of the tissue (Icha et al., 2016). Amacrine cells must
migrate the next farthest distance from the apical surface and do so with bipolar and
multipolar projections (Prada et al., 1987). Interestingly, neuronal cell types that are born
close to where they reside in the adult tissue, specifically photoreceptors and horizontal
cells, have been found at middle to basal regions of the developing retina, suggesting that
these cell types migrate relatively far distances as well, and must migrate back toward the
apical surface where they reside in the adult tissue late in development (Suzuki et al.,
2013, Kaewkhaw et al., 2015, Chow et al., 2015). In the cortex, migrating neurons travel
using glial-guided, somal translocation, and free migratory modes (Tabata and Nakajima,
2003, Nadarajah and Parnavelas, 2002). In the retina, only somal translocation and free
migration are observed (Amini et al., 2017). The glial cell of the retina, the muller glia,
are the last to differentiate and are not present when the rest of the cells are migrating to
12

Figure 5. Structure of the retina. Transverse section through the 3 day old zebrafish embryo forebrain
to observe retinal layers and visual system structures. Teo, optic tectum; IPL, inner plexiform layer;
RGCL, retinal ganglion cell layer; CMZ, ciliary marginal zone; INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer.
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their respective layers (Rapaport et al., 2004).

The molecular mechanisms behind retinal migration and lamination are not well
understood. It is unknown what signaling pathways are important migration signals. It
has been suggested that the basal lamina is required for correct retinal ganglion cell layer
formation. Signals from Laminin-α1 and the laminin receptor β1-integrin have been
shown to be important, for when either of these components are knocked down in vivo,
the ganglion cells do not stop migration at the basal surface, and form ectopic clusters
subsequently impairing lamination of the rest of the tissue (Icha et al., 2016, Riccomagno
et al., 2014). Cell-cell interactions and migration guidance cues have also been suggested
to play a role in lamination, although these mechanisms remain to be explored.

Because the neocortex and the retina are very similar in the way they are
patterned by migration, we took what is known of the signaling mechanisms
underpinning migration in the cortex and applied this information to the retina in hopes of
determining signaling mechanisms of retinal migration. Specifically, we turned to CRK
and CRKL, proteins known to promote migration in many different cell types
downstream of multiple signaling pathways. In the developing central nervous system,
they are key molecular players within the RELN signaling pathway, discussed above in
regulating cortical lamination. We aimed to determine if the CRK family of proteins
functions in promoting migration of retinal neurons and patterning retinal lamination.

14

1.3. CRK adaptor proteins
The CRK family of adaptor proteins, consisting of CRK and CRKL, are important
molecules for coupling upstream signaling cascades with downstream effector molecules,
and they do so with no encoded kinase activity. CRK, or Chicken tumor virus #10
Regulator of Kinase, was discovered as being the transforming factor of avian sarcoma
virus CT10 in chicken tumors (when fused to a viral gag sequence that locates the protein
to the membrane), and was particularly interesting for the fact that it contained no kinase
domain, yet was able to increase tyrosine phosphorylation (Mayer et al., 1988). Shortly
thereafter, the second family member CRKL, or CRK-Like, was discovered when
mapping part of human chromosome 22 due to shared domain structure to CRK, yet was
determined to be distinct (ten Hoeve et al., 1993). The CRK gene is found on
chromosome 17p13.3 in humans and consists of 3 exons (NCBI database). There are two
protein isoforms of CRK, CRKI and CRKII. The CRKL gene resides on chromosome
22q11.21 in humans and contains 4 exons (NCBI database).

The unique protein domain structure of CRK and CRKL allows them to couple
signaling cascades. Both molecules contain SRC homology domains, specifically SH2
and SH3 domains, so-called because of their discovery as conserved domains in the nonkinase portions of SRC kinases (Sadowski et al., 1986). SH2 domains are known to bind
phospho-tyrosine protein motifs, and SH3 domains bind proline rich amino acid
sequences (Songyang et al., 1993, Ren et al., 1993). Both CRKII and CRKL proteins
contain an N-terminal SH2 domain followed by two SH3 domains (Fig. 6 A) (ten Hoeve
et al., 1993, Reichman et al., 1992, Matsuda et al., 1992). CRKI contains the N-terminal
15

SH2 domain and the N-terminal SH3 domain of CRK only (Fig. 6 A) (Matsuda et al.,
1992). CRK family SH2 domains are known to bind proteins with the amino acid motif
“phospho-tyrosine – X – X – proline”, where X is any amino acid, but tends to be
hydrophilic amino acids (Songyang et al., 1993). Examples of SH2 binding proteins
containing the YXXP motif include CAS, DAB1, PXN, CBL, and the DCBLD family of
proteins, and function to bring CRK to the signaling protein cluster (Fig. 6 B) (Schmoker
et al., 2017, Huang et al., 2004, Sakai et al., 1994, Schaller and Parsons, 1995, Andoniou
et al., 1996). CRK family N-terminal SH3 domains bind specifically to “proline – X – X
– proline – X – lysine” motifs, included in the proteins C3G, DOCK180, ABL, and SOS
(Knudsen et al., 1994, Tanaka et al., 1994, Hasegawa et al., 1996, Ren et al., 1994, Feller
et al., 1995). SH3 domain binding allows CRK to bring these proteins in close proximity
to other signaling molecules in the signaling cascade, or to bring the SH3 binders to their
area of function, via SH2 binding to upstream molecules (Fig. 6 B). In this way, the role
of these domains allows CRK to couple molecules together to propagate cellular signals
(Fig. 6 B).

The C-terminal SH3 domain has been proposed to play an inhibitory role in
CRK signaling (Ogawa et al., 1994). CRKII and CRKL contain one and five YXXP
motif(s) respectively. One conserved motif, Y221 in CRKII and Y207 in CRKL, in
between the two SH3 domains, can be phosphorylated by ABL or ARG kinases (Fig. 6
A) (Feller et al., 1994, de Jong et al., 1997). This phosphorylation allows the SH2 domain
of that same protein to bind to itself. When bound, it cannot bind any SH2 or SH3
interactors, effectively shutting off signaling (Escalante et al., 2000, Feller et al., 1994).
16

Figure 6. CRK and CRKL domain structure and function. (A) CRK family protein domain structure
of CRKI (top), CRKII (middle), and CRKL (bottom). (B) CRK adaptor signaling. A cellular signal
(pink) causes tyrosine phosphorylation (red) of a YXXP motif containing protein (blue). CRK is
recruited and binds to the phosphorylated protein via its SH2 domain. CRK is constitutively bound to a
PXXPXK motif containing protein (yellow) via its N terminal SH3 domain and recruitment leads to
signal propagation via downstream effectors. Examples of signals, YXXP containing proteins, PXXPXK
containing proteins, and downstream consequences listed. SH2 domain, purple; N terminal SH3 domain,
green; C terminal SH3 domain, orange.
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Interestingly, it has been shown that Y207 phosphorylation by ABL of CRKL does not
completely abolish CRKL functioning in that this conformational change still allows
interaction with other proteins via its (N)SH3 domain, while its SH2 domain is bound to
itself (Jankowski et al., 2012, de Jong et al., 1997). This is not the case for CRKII, which
could explain some differences between CRK and CRKL signaling in vivo (Jankowski et
al., 2012). Loss of the C-terminal SH3 domain means that CRKI doesn’t have the
inhibitory mechanism as described above and has been shown to have greater
transforming ability (Matsuda et al., 1992).

The protein-protein interactions that CRK molecules facilitate have broad
implications in many cell signaling pathways. One main way CRK facilitates signaling is
that it couples upstream and downstream signaling molecules to activate small GTPases
including RAS, RAP, and RAC (Goitre et al., 2014). The (N)SH3 domain of CRK
constitutively binds many different GEFs, guanine nucleotide exchange factors, which
function to activate GTPases. Recruitment of CRK to the cell membrane, where these
small GTPases reside, brings these GEFs into contact with their GTPase.

CRK is known to transduce cell growth, proliferation, and survival signaling
including those stimulated by insulin and growth factors (Larsson et al., 1999, BeitnerJohnson et al., 1996, Sorokin et al., 1998, Glassman et al., 1997, Teng et al., 1995).
Recruitment of CRK bound to SOS, the GEF for RAS, to the membrane causes RAS
activation, leading to propagation of the growth and proliferative signal (Feller et al.,
1995, Christensen et al., 2016). CRK is also known to mediate cytoskeletal changes
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downstream of extracellular matrix signals from RELN, integrin, and cadherin (Ballif et
al., 2004, Li et al., 2003, Fukuyama et al., 2005, Zandy and Pendergast, 2008) through
activation of RAC and RAP by recruitment of DOCK180 or C3G, their respective GEFs
(Gotoh et al., 1995, Hasegawa et al., 1996, Tanaka et al., 1994, Kiyokawa et al., 1998). In
fibroblasts, knockout of CRK/CRKL inhibits cell growth and proliferation through G1/S
cell cycle arrest (Park et al., 2016) and a loss of cell shape and mobility (Park and Curran,
2014).

1.3.1. CRK and CRKL in model organisms
There are several examples of CRK signaling at the organismal level. In C.
elegans, CRK signaling has been well studied in the context of removal of apoptotic cells
by engulfment and evidence suggests that this role is conserved in mammals (ToselloTrampont et al., 2001). Furthermore, mutants have defective pathfinding in migrating
populations of cells including gonadal distal tip cells (Wu and Horvitz, 1998, Reddien
and Horvitz, 2000, Gumienny et al., 2001). Apoptotic cell engulfment is an important
way for organisms to protect neighboring cells from the release of harmful proteins from
the dying cell, and to allow space for healthy cells to continue to grow. In Drosophila,
Myoblast city (Mbc), DOCK180 homolog, was determined to play an important role in
myoblast fusion and dorsal closure due to its regulation of cytoskeletal components via
Rac activation (Erickson et al., 1997, Nolan et al., 1998). Drosophila Crk was discovered
by its interaction with Mbc, and was proposed be important for Mbc functioning (Galletta
et al., 1999). In the fly eye, alterations in Crk signaling leads to defects in proliferation
(Ishimaru et al., 1999). In zebrafish, knockdown of Crk or Crkl via morpholino injection
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phenocopies knockdown of Dock180 in developing somatic muscles in that myoblasts
fail to elongate, fuse, and become multi-nucleated cells (Moore et al., 2007).
Overexpression of Crk or Crkl causes excessive myoblast fusion, most likely through
regulation of Dock180 (Moore et al., 2007).

In mouse models, Crk is expressed in the developing cardiovascular system, lung,
liver and digestive system, urinary system and reproductive organs, and extensively in the
nervous system including the retina (Magdaleno et al., 2006, de Jong et al., 1995). CRK
knockout mice have been generated by CRE-loxP technology. CRK +/- mice have no
noticeable phenotype, but CRK -/- mice do not survive.

CRK -/- mice showed

considerable variability in their viability, less than 2% living to birth before dying shortly
thereafter, and most dying between embryonic ages E13.5-E18.5, depending on genetic
background (Park et al., 2006). Interestingly, there is no change in protein levels of
CRKL in CRK -/- mice, suggesting that CRKL expression does not compensate for loss
of CRK (Park et al., 2006). CRK -/- mouse embryos have craniofacial defects in nasal
development and cleft palate, defects in cranial vasculature development, and impaired
heart formation (Park et al., 2006). GeneTrap mutagenesis generated mice lacking
CRKII, with functioning CRKI, which suggested that the C-terminal SH3 domain of
CRK is not critical for embryonic development (Imaizumi et al., 1999). Moreover,
overexpression of CRK in sensory, motor, and enteric neurons of mice increases neuronal
survival rate and axonal outgrowth, consistent with cellular studies of CRK
overexpression in PC-12 cells implicating CRK downstream of nerve growth factor
signaling (Weinstein et al., 1999, Teng et al., 1995, Hempstead et al., 1994, Glassman et
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al., 1997). This suggests that CRK is important in neuronal survival and cytoskeletal
dynamics in developing mice. Clearly, because of the role CRK is playing in multiple
cell signaling pathways important for development, it is no surprise that CRK’s role in a
complex vertebrate is multifaceted.

In the developing mouse, the expression pattern for Crkl is similar to that of Crk.
Crkl is expressed in the heart, lung, liver and digestive system, forelimb bud, urinary and
reproductive systems, and extensively in the nervous system including the retina (de Jong
et al., 1995, Magdaleno et al., 2006, Maynard et al., 2003). CRKL knockout mice have
been created, also by CRE-loxP. Less than 2% of pups surviving to birth were CRKL -/and most CRKL -/- do not survive past E16.5. Pups that did survive to birth had only
mild phenotypes, suggesting variability, similar to CRK -/-. CRKL -/- embryos were
decreased in weight and had craniofacial defects including a short but wide skull and
ocular hypertelorism, or increased distance between the eyes, although these phenotypes
were also highly variable, only 12% of CRKL -/- embryos displaying severe defects. Pale
coloration of embryos was observed in 40% of CRKL -/-. CRKL +/- had no obvious
phenotypes (Guris et al., 2001). Neural crest derived tissues were specifically impacted
by loss of CRKL. Mild deformity of skeletal and connective tissues in the skull is present
in these mutants, most likely causing the craniofacial defects seen in the embryos.
Defects in cranial nerves, which are neural crest derived, are observed, but neural crest
migration from the hindbrain was normal suggesting a post-migration role for CRKL in
cranial nerve development. Heart defects, including abnormal aortic arches, are found in
40% of CRKL -/- at E16.5, but not found at E11.5, again suggesting a remodeling defect
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in neural crest derived tissues, not necessarily a neural crest migration problem (Guris et
al., 2001). Mouse embryos with hypomorphic alleles revealed that correct cardiovascular
development is dosage dependent on CRKL (Racedo et al., 2015). CRKL also seems to
be important for proper thymus, thyroid, and parathyroid gland development (Guris et al.,
2001). Furthermore, CRKL deficiency in mice has been linked to FGF signaling during
embryonic development. Deficiency of FGF8 phenocopies a deficiency in CRKL, and
CRKL has been implicated downstream of FGFR1 in propagating MAPK signals
(Larsson et al., 1999, Frank et al., 2002, Abu-Issa et al., 2002). Compound deficiency of
FGF8 and CRKL results in more severe phenotypes in the same tissues than in single
mutants. CRKL is required for activation of downstream FGF targets in mice and for
normal response to FGF8, and upon FGF8 stimulation, CRKL binds to FGFR1/2 (Moon
et al., 2006). Overall, studies in CRKL deficient mice have determined that CRKL is
critical for embryonic development, and potentially through FGF signaling.

Based on overlapping expression profiles, similar phenotypes seen in mice
lacking either CRK or CRKL, and because of similar functional roles in signaling, it
would be no surprise that CRK and CRKL are playing redundant roles during
development. Because of the lethality of single mutants, CRK and CRKL double
knockout is only possible in a tissue-specific way. CRK and CRKL play a redundant role
during brain development downstream of the RELN signaling pathway mentioned above.
Double knockout of both CRK and CRKL in neuronal progenitors of developing mice
results in disorganized, poorly laminated brain structures including the cerebellum,
hippocampus, and cortex, similar to RELN mutant animals (Park and Curran, 2008).
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Single deficiency of CRK or CRKL does not induce the severe brain abnormalities seen
in double knockout, suggesting these proteins are redundant in this tissue (Park and
Curran, 2008). CRK and CRKL tissue specific double knockout has been used to
determine a CRK adaptor protein role in podocytes in kidney development, T-cell
migration in the immune system, and recently in optic lens development (Huang et al.,
2015, George et al., Collins et al., 2018). Clearly, CRK adaptor proteins play both unique
and redundant roles in development of many tissues and although some work as been
done to tease roles apart, further research is needed to determine each protein’s specific
function, and where compensation can and cannot occur.

1.3.2. CRK and CRKL in human disease
The cellular mechanisms of CRK-mediated signaling translate to critical roles for
cell proliferation, survival, and cytoskeletal changes important for cell shape and
migration. Because proliferation, survival, and migration are important characteristics of
cancer cells, CRK is found up-regulated in hematopoietic, lung, and breast cancers (Bell
and Park, 2012). As mentioned before, viral CRK (gag-fusion protein) was first
discovered as a tumor-driving agent in chicken sarcomas, so it is no surprise that CRK is
found in many human cancer types (Mayer et al., 1988). CRK and CRKL have also been
shown to be underlying genetic causes for developmental diseases. Compound
heterozygous deletion of human chromosome 17p13.3, including CRK, LIS1, and 14-33ε, is the genetic cause of Miller-Dieker syndrome (MDS) (Cardoso et al., 2003,
Gumienny et al., 2001, Tenney et al., 2011). MDS is a severe type of lissencephaly, or
smooth brain syndrome, caused by defects in neuronal migration, both tangential and
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radial, during development (Moon and Wynshaw-Boris, 2013, Pancoast et al., 2005).
MDS is characterized not only by brain defects, but also by small stature and decreased
growth, epilepsy, developmental delay, defects in the renal, gastrointestinal, and cardiac
systems, and craniofacial abnormalities including macrocephaly (large head size)
(Cardoso et al., 2003, Moon and Wynshaw-Boris, 2013). Other less severe lissencephaly
syndromes have been shown to be distinct from MDS based on deletion of a 400 kb
critical region of 17p13.3 including CRK and 14-3-3ε, indicating a specific role of these
genes in this disease phenotype (Cardoso et al., 2003). Furthermore, mice deficient in 143-3ε and CRK replicate some of the characterizing features of MDS and have been used
to model the disease (Park et al., 2006, George et al., 2012, Park and Curran, 2008, Toyooka et al., 2003).

CRKL has been implicated in Di George syndrome, the most common
microdeletion occurring in 1 in 4,000 births (DGS, also called Velocardiofacial syndrome
and del22q11). The genetic cause of DGS is a heterozygous compound deletion of
human chromosome 22q11, most commonly a 3 Mb region including 30 genes, one of
them CRKL. DGS is characterized by cardiovascular malformations, craniofacial defects,
and immune dysfunction (Lindsay, 2001). Defects in neural crest development in forming
the pharyngeal apparatus are thought to be the structural cause of the malformations of
DGS (Lindsay, 2001, Guris et al., 2001). Mice deficient in CRKL display defects in
neural crest derived tissues including the thymus, thyroid, and parathyroid glands, cranial
nerves, face, and aortic arches (Guris et al., 2001, Miller et al., 2014). In mouse models,
less common symptoms of DGS, including renal and gonadal defects, have been
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suggested to be due to loss of CRKL (Haller et al., 2017). Interestingly, hypomorphic
CRKL mice have defects in cardiovascular development, reminiscent of complications
due to haploinsufficiency of CRKL in DGS (Racedo et al., 2015).

1.4. Zebrafish: The ideal model to study retinal development
Danio rerio, or zebrafish, is a small bony freshwater fish native to South East
Asia (Arunachalam et al., 2013). They have become a valuable model organism to study
various aspects of development. Seventy percent of human genes have at least one
zebrafish ortholog making it a suitable vertebrate model system (Howe et al., 2013).
Zebrafish are easy to maintain and breed in the laboratory setting, and at relatively low
research cost. An adult mating pair can generate >100-200 embryos on a weekly basis.
Eggs are fertilized externally and embryos are transparent, relatively large, and develop
quickly. By 24 hours post fertilization (hpf), the beginnings of all major organ systems
have emerged, and by 3 days post fertilization (dpf) larvae are free-swimming and have
completed almost all morphogenesis (Kimmel et al., 1995). Zebrafish have short
generational times, reaching sexual maturity in 3-4 months, which makes generating
mutant zebrafish lines obtainable.

The ease at which genetic manipulation and molecular biology techniques can be
implemented make this an attractive model for studying development. Genetic constructs,
including stable oligonucleotides (Morpholino) or RNA, can be injected into the newly
fertilized embryo at the one-cell stage for knockdown or overexpression experiments
(Bill et al., 2009). Furthermore, CRISPR/Cas9 technology can be utilized to create stable
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genetic mutant lines (Li et al., 2016). Along with the many stable mutant lines of
zebrafish created from mutagenesis screens, like TILLING mutagenesis and ENU (Nethyl-N-nitrosourea), the number of mutant lines available is large, and growing yearly
(Fadool and Dowling, 2008). Not only are mutant zebrafish lines abundant, but so are
stable transgenic lines (Weber and Koster, 2013). Transgenic lines with fluorescent
reporter molecules have allowed visualization of cell tracing in vivo of individual neurons
(Pan et al., 2013) and differential labeling of all of the neuronal layers of the retina
(Almeida et al., 2014), techniques that are both useful and beautiful.

Zebrafish are a great model for eye development. The zebrafish eye is a
prominent feature on the developing embryo and develops quickly, fully functional by 3
dpf (Richardson et al., 2017). There is high similarity in structure and function between
the human and zebrafish eye. As described above, the early eye formation,
differentiation, and lamination is almost identical, allowing findings in zebrafish eye
development to be applicable to humans (Richardson et al., 2017, Fadool and Dowling,
2008). The possibilities are endless for this useful model in the study of the genetic and
molecular mechanisms of development and human disease of the eye.

1.5. Specific Aims
Because cellular signaling mechanisms governing retinal neuron migration are poorly
characterized, and CRK adaptor proteins are good candidates to be playing a role in the
development of this tissue, we aimed to determine Crk and Crkl’s role in the developing
eye using Danio rerio as a model. Our goals were:
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1. Determine where crk and crkl are expressed in the developing zebrafish to
determine if they are in the correct spatial and temporal regions to play a role in
eye development. Expression patterns also give insight into unique and redundant
functions these two family members might have in the retina.
2. Determine the functions of Crk and Crkl in the developing zebrafish eye using
embryos deficient in Crk, Crkl, or both together.
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CHAPTER 2: METHODS
2.1. Zebrafish husbandry
The Crk and Crkl mutant zebrafish lines were generated through CRISPR/Cas9
technology and provided by the Amacher Laboratory (The Ohio State University). Adult
zebrafish lines were sustained and bred in standard conditions (Avdesh et al., 2012). All
embryos were collected, maintained at 28.5 °C, and developmentally staged as previously
described (Kimmel et al., 1995). The University of Vermont Institutional Animal Care
and Use Committee (IACUC) approved all procedures (Ebert Protocol Numbers: 17-031,
12-055).

2.2. Genotyping
Adult zebrafish and embryos were verified for each mutation (Crk and Crkl). 72
hpf embryonic and adult tail fins were removed for genomic extraction (see schematic in
results). Embryos were removed from their chorions and either the whole embryo, or the
tail (Wilkinson et al., 2013) was placed in 50 mM Sodium Hydroxide and heated at 95 °C
for 20 minutes then cooled for 10 minutes at 4 °C. After cooling, 10% total volume of 1.5
M Tris-HCl pH 8.8 was added. The solution was centrifuged for 2 minutes at 13,000 rpm
and the supernatant was then used for subsequent genotyping.

Genotyping protocols for Crk and Crkl mutants were obtained from the Amacher
lab and modified for our use. For Crk, PCR reactions from genomic DNA were
performed with 10 μM Crk HRM primers (Integrated DNA Technologies; Skokie, IL,
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USA) and 2x PCR MasterMix (Thermo Fisher Scientific; Waltham, MA, USA). The
product was run on a 3% agarose gel and imaged using a Syngene INGENIUS3 system
with GENEsys V1.5.5.0 imaging software. The expected band sizes are as follows: WT
118 bp, heterozygous 118 + 143 bp, homozygous mutant 143 bp.

For Crkl, PCR reactions from genomic DNA used 10 μM Crkl primers (Integrated
DNA Technologies) and 2x PCR MasterMix. The resulting PCR product was digested
overnight at 37 °C with MnlI (New England BioLabs; Ipswich, MA, USA). The digested
product was run on a 3% agarose gel and imaged as described above. The expected band
sizes are as follows: WT 129 bp; heterozygous 129, 105, + 19 bp; homozygous 105 + 19
bp.
Table 1. Crk and Crkl genotyping primers
Primer Name
Crk HRM F
Crk HRM R
Crkl Validation F
Crkl Validation R

Sequence (5’ – 3’)
TTC TAG CGC TAG TCA TGG
AAC ACT CCA TGC CTC TG
AAT AGG CTA CAG GGA CAG
GCT TGG CAA AGA GTT GAT G

2.3. RNA probe generation
To generate probes for in situ hybridization, a 500 bp region of target gene coding
sequence was amplified using PCR (see primers below). The forward and reverse primers
included SP6 and T7 polymerase promoters, respectively (lowercase in table below), on
the 5’ end of the primer (Integrated DNA Technologies). The PCR products were purified
by ethanol precipitation and the concentration measured using NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific).
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Digoxigenin labeled antisense RNA

probes were generated using T7 polymerase and sense (control) probes using SP6. 100
ng/100 bp of DNA template, was used to make RNA using the DIG RNA labeling kit
(Roche; Basel, Switzerland) as per manufacturers protocol. After RNA generation, 1 μl
of DNase (Ambion, Invitrogen; Carlsbad, CA, USA) was added to the reaction and
incubated at 37°C for 15 minutes. Probes were precipitated with 0.5 M EDTA, 4 M
LiCl, and 100% Ethanol, and resuspended in nuclease free water and hybridization
buffer (50% Formamide, 25% 20x Saline-Sodium Citrate, 0.5% tRNA, and 0.1%
Tween in nuclease free water).
Table 2. In situ probe primers
Primer Name
Crk F SP6
Crk R T7
Crkl F SP6
Crkl R T7

Sequence (5’ – 3’)
ttt agg tga cac tat
ACT CTC
taa tac gac tca cta
AAG AGC TG
ttt agg tga cac tat
GAT GTT
taa tac gac tca cta
GAC TGA CC

aga agg gAC CTG GAC ACC ACC

Accession #
NM_001003628.2

tag ggG AGA GAC CTC CAA AGC
aga agg gGG ACA GAG ACA CGG

NM_213538.1

tag ggG AGA GAA CCA TGG ATG

2.4. Whole mount in situ hybridization
The in situ hybridization protocol was adapted from a previously detailed
protocol (Thisse and Thisse, 2014). Embryos for in situ hybridization were collected,
treated with 0.003% phenylthiourea (PTU) at 24 hpf to stop pigment formation,
developmentally staged as described above, and manually dechorionated before fixation
in 4% paraformaldehyde (PFA) in phosphate buffered saline with 0.1% tween (PBT)
overnight at 4°C. Embryos were dehydrated in methanol at -20°C until use. Embryos
were rehydrated in serial washes to 100% PBT, permeabilized in proteinase K (Novagen;
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Madison, WI, USA), re-fixed in 4% PFA, and washed in 100% PBT. Probe was diluted
1:100 in hybridization buffer, added to the embryos, and incubated overnight at 70°C.
Embryos were washed in 4 serial dilutions of hybridization buffer in 2x saline-sodium
citrate (SSC) (for 20x stock: 175.3 g NaCl, 88.2 g Na3Citrate, 1 L H20) for 15 minutes
each at 70°C. Embryos were then washed twice in 0.2x SSC for 30 minutes each and
rehydrated to 100% PBT. Anti-digoxigenin-AP Fab fragments (Roche), pre-blocked with
embryos overnight, were diluted 1:5000 in in situ block (5% normal sheep serum and 1%
BSA in PBT) and added to the embryos overnight at 4°C. Embryos were washed 3 x 1
hour in 100% PBT and stained with NBT-BCIP (1 mM nitro-blue tetrazolium/5-bromo4-chloro-3’-indolyphosphate, Thermo Fisher Scientific). Staining was stopped by fixation
in 4% PFA for 30 minutes at room temperature followed by 3 x 5 minute washes in 100%
PBT. To image, embryos were washed in 100% ethanol for 10 minutes and positioned in
4% methyl cellulose. Images were captured on Nikon SMZ800 dissecting light
microscope. In situ embryos were embedded in resin and sectioned at 20 μms (see
“Sectioning and cell counts”).

2.5. Protein alignments and trees
Full-length protein sequences were found by searching the NCBI protein
database. For proteins with multiple isoforms, the longest isoform was used. Geneious
R10 software was used to generate protein alignments and neighbor-joining consensus
trees (Kearse et al., 2012). Alignments of 6 core species were performed for sequence
comparison (highlighted in light blue) (Settings: Geneious multiple alignment; Cost
Matrix: Blosum 62; Gap Open Penalty: 12, Gap Extension Penalty: 3; Alignment Type:
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Global Alignment with free end gaps; Colored for similarity). Percent identity charts
were created from the multiple alignments. Domain sequences were identified for the
human version of the protein using NCBI Conserved Domain database and highlighted
on the alignments. One consensus tree was created from multiple alignments (described
above) with the core species plus additional species (highlighted in blue) (Settings:
Geneious Tree Builder; Genetic Distance Model: Jukes-Cantor; Method: NeighborJoining; Outgroup: M. brevicollis; Resample tree with bootstrap method (100 replicates)).
Bootstraps of percent consensus for each branchpoint were calculated and are indicated
on the tree.

CRK (CRKII)
Species
Homo sapien
Mus musculus
Rattus norvegicus
Gallus gallus
Danio rerio
Xenopus tropicalis
Takifugu rubripes
Drosophila melanogaster
Taeniopygia guttata
Macaca fascicularis
Canis lupus familiaris
Caenorhabditis elegans
Petromyzon marinus
Monosiga brevicollis

Accession Number
NP_058431.2
NP_598417.2
NP_062175.1
NP_001340868.1
NP_001003628.1
NP_001006107.1
XP_003968755.1
NP_651908.1
XP_012424226.1
XP_005582485.1
XP_003435250.1
NP_500105.1
ENSPMAP00000009178
AOS88697.1

Table 3. CRK protein accession numbers. Species (left column) and corresponding NCBI or Ensembl
accession number (right column) for protein sequences used in multiple sequence alignments and
phylogenetic trees. Light blue highlight, sequences used in multiple alignment; Dark blue highlight,
sequences used in phylogenetic tree (with light blue sequences).
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CRKL
Species
Homo sapien
Mus musculus
Rattus norvegicus
Gallus gallus
Danio rerio
Xenopus tropicalis
Takifugu rubripes
Taeniopygia guttata
Macaca fascicularis
Canis lupus familiaris
Latimeria chalumnae

Accession Number
NP_005198.1
NP_031790.2
NP_001008285.1
XP_415233.1
NP_998703.1
NP_989060.1
XP_003978908.1
XP_002196848.1
XP_005567948.1
XP_849949.1
ENSLACP00000014901

Table 4. CRKL protein accession numbers. Species (left column) and corresponding NCBI or
Ensembl accession number (right column) for protein sequences used in multiple sequence alignments
and phylogenetic trees. Light blue highlight, sequences used in multiple alignment; Dark blue highlight,
sequences used in phylogenetic tree (with light blue sequences).

2.6. Whole mount imaging and quantification
Crk and Crkl mutant embryos were raised to 72 hpf, manually dechorionated, and
anesthetized with Tricaine (0.2 g of Tricaine, 0.5 g Sodium Phosphate Dibasic anhydrous,
50 mL of 1xE3 (0.0001% Methylene Blue and 60xE3 (17.4 g Sodium Chloride, 0.8 g
Potassium Chloride, 2.9 g Calcium Chloride Dihydrate, 4.89 g Magnesium Chloride
Hexahydrate, 1 L water)). For measurements, embryos were mounted on their side in 4%
methyl cellulose and imaged using SPOT imaging software version 5.2 on a Nikon
SMZ800 dissecting light microscope. Eye diameter was measured by drawing a straight
line through the middle of the embryo eye. Body length was measured by drawing a line
from the posterior tip of the tail to the hindbrain above the ear and from the hindbrain to
the anterior-most tip of the nose. Eye diameter over body length was calculated for each
embryo to control for any body size differences. Graphical representation of all eye
measurement data was performed using Graph Pad Prism 7.

33

2.7. Sectioning and cell counts
Embryos were fixed in 4% PFA for 2 hours at room temperature or overnight at
4°C. After fixation, embryos were washed into 100% PBT and dehydrated in 100%
ethanol for 2 hours minimum. Embryos were embedded using the JB-4 Embedding Kit
(Polysciences; Warrington, PA, USA) as per manufacturer protocol. Embryos were
oriented under the Nikon dissecting scope so to achieve transverse sections through the
eye/head. Embryos were sectioned on a Leica RM2265 microtome at 7 μm (for H&E) or
20 μm (for in situ) and mounted on slides.

To count the number of cells per retina layer, the sections were stained with
hematoxylin and eosin (H&E). The sections were rehydrated in water, stained with
hematoxylin for 5 minutes, washed in water, counterstained with eosin for 10 seconds,
washed in water again, and dried. All sections were imaged on an Olympus iX71 inverted
light microscope using SPOT imaging software at various magnifications. The retinal
section directly before the section containing the optic nerve was used for measurements.
Cell counts by cellular layer of the retina were performed using Image J image software.
Lens diameter and retina width of sections was measured using SPOT imaging software.
Lens diameter was found by drawing a line in the middle of the lens, and retina width
measured by drawing a line from the lens to the retinal pigment epithelium along where
the optic tract would be found. Graphs were generated using Graph Pad Prism 7. All
figures were made using Adobe Photoshop CS6.
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CHAPTER 3: RESULTS

3.1. CRK and CRKL are conserved across species
Multiple sequence alignments were performed for CRK and CRKL protein
sequences, and a consensus tree was built. Both proteins are highly conserved across
vertebrates (Fig. 7, 8). High sequence homology is observed across vertebrates for both
CRK (Fig. 7) and CRKL (Fig. 8), particularly in the SH2 and SH3 domains, and the
inhibitory YXXP motifs Y221 and Y207, respectively. Human and D. rerio protein
sequences of both CRK and CRKL are very similar, with 69.7% and 82.1% identical
amino acids respectively (Fig. 7, 8). The consensus tree depicts the evolutionary history
of the CRK protein family (Fig. 9). An ancestral CRK protein has been found in a premetazoan species M. brevicollis, and has been found to function similarly (ShigenoNakazawa et al., 2016). The divergence of the ancestral protein into CRK and CRKL is
observed in vertebrates (Fig. 9). Evolutionary divergence indicates the possibility of
redundant and unique functions of both proteins.

3.2. crk and crkl are expressed in the developing zebrafish retina
To determine if crk and crkl are playing a role in eye development, we first
needed to determine if they are expressed in the developing zebrafish retina. In situ
hybridization for crk and crkl mRNA was performed on 18-72 hpf embryos to determine
where these transcripts are found spatially and temporally.
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Figure 7. Alignment of CRK shows conservation across vertebrates. Protein sequence alignment of
CRK (CRKII isoform) performed by Geneious R10 software. (A) Human, mouse, rat, chicken, zebrafish,
and frog sequence alignment shows high sequence homology. Black color of amino acid indicates high
conservation, gray indicates partial conservation, and white indicates low conservation. Colored boxes
around human protein domains as determined by NCBI Conserved Domain database: SH2 domain,
purple; N-terminal SH3 domain, green; C-terminal SH3 domain, orange; Y221, blue. (B) Table of the
percentage of identical amino acids between sequences as a measure of conservation. Note that human
and zebrafish share high sequence homology with 69.7% identical amino acids (boxed in red).
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Figure 8. Alignment of CRKL shows conservation across vertebrates. Protein sequence alignment of
CRKL performed by Geneious R10 software. (A) Human, mouse, rat, chicken, zebrafish, and frog
sequence alignment shows high sequence homology. Black color of amino acid indicates high
conservation, gray indicates partial conservation, and white indicates low conservation. Colored boxes
around human protein domains as determined by NCBI Conserved Domain database: SH2 domain,
purple; N-terminal SH3 domain, green; C-terminal SH3 domain, orange; Y207, blue. (B) Table of
identical amino acids between sequences as a measure of conservation. Note that human and zebrafish
share high sequence homology with 82.1% identity (boxed in red).
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Figure 9. Phylogenetic tree of CRK and CRKL displays evolutionary history. Consensus tree of
CRK and CRKL built from multiple sequence alignment of protein sequence in Geneious R10 software.
Ancestral CRK protein is found in the pre-metazoan species M. brevicollis, and is conserved through
humans. Divergence of CRKL from CRK occurs in vertebrates. Numbers at each node indicate bootstrap
support out of 100 replicates. Purple, CRK; Green, CRKL.
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Crk is expressed in many areas of the nervous system throughout development,
including the early forebrain (FBr), otic vesicles (OV), dorsal thalamus (DT), posterior
tuberculum (PT), and midbrain-hindbrain boundary (MHB). Rapidly dividing populations
of cells near the ventricles (V4, V) of the brain express crk. In the visual system, crk is
expressed at the edges of the optic tectum (TeO) and the lateral optic tectum (lTeO), as
well as the optic chiasm (oc). Expression in the developing heart (H) is found at 72 hpf.
At all time points observed, crk is expressed ubiquitously in the retina. At 36 hpf, slightly
stronger expression in the ciliary marginal zone (CMZ), the proliferative region of the
retina, is observed, and continues through all older ages (Fig. 10).

Crkl is expressed in the forebrain (FBr) early in embryo development, and later in
development in the dorsal thalamus (DT), posterior tuberculum (PT), ventral thalamus
(VT), preoptic region (Po), midbrain-hindbrain boundary (MHB), otic vesicles (OV), and
medulla (MO). Expression is observed on the boundaries of the ventricles (V4, V), and
interestingly, is found expressed on the edge of the tectal ventricle (TeVe), between the
two lobes of the optic tectum. In the visual system, crkl mRNA is located in the optic
tecum (TeO) and the optic chiasm (oc). Early in embryo eye development (18 hpf-36
hpf), crkl is expressed ubiquitously throughout the optic vesicles (OpV) and neural retina
(R). Expression weakens by 48 hpf in the retina, although at this time point, ciliary
marginal zone (CMZ) expression is observed. At 72 hpf, crkl is found weakly in the
retinal ganglion cell layer (RGCL) (Fig. 11).
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Figure 10. crk expression in the developing zebrafish. (A-F) Whole mount lateral images of 18 hpf-72
hpf in situ hybridization embryos. (A’-F’) Whole mount dorsal images and (C’’-F’’) whole mount
ventral images of the embryo head. (A’’, B’’) Whole mount spine images of 18 hpf and 24 hpf embryos.
(A’’’-F’’’) Forebrain and (A’’’’-F’’’’) hindbrain 20 µm sections of in situ hybridization embryos of all
ages. Placement of sections indicated by lines on lateral images (A-F). Sense control probe images (48
hpf embryos) are boxed and labeled on far right. Note expression in the early neural retina and later in
development throughout the retina and specifically in the proliferative zones (CMZ). MHB, midbrainhindbrain boundary; FB, fin bud; FBr, forebrain; OpV, optic vesicle; OV, otic vesicle; NR, neural retina;
V4, fourth ventricle; CMZ, ciliary marginal zone; TeO, optic tectum; V, ventricle; lTeO, lateral optic
tectum; DT, dorsal thalamus; PT, posterior tuberculum; R, retina; oc, optic chiasm; H, heart.
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Figure 11. crkl expression in the developing zebrafish. (A-F) Whole mount lateral images of 18 hpf-72
hpf in situ hybridization embryos. (A’-F’) Whole mount dorsal images and (C’’-F’’) whole mount
ventral images of the embryo head. (A’’, B’’) Whole mount spine images of 18 hpf and 24 hpf embryos.
(A’’’-F’’’) Forebrain and (A’’’’-F’’’’) hindbrain 20 µm sections of in situ hybridization embryos of all
ages. Placement of sections indicated by lines on lateral images (A-F). Sense control probe images (48
hpf embryos) are boxed and labeled on far right. Note expression in the early neural retina, and later in
development in the retinal ganglion cell layer (RGCL). MHB, midbrain-hindbrain boundary; FB, fin bud;
FBr, forebrain; OpV, optic vesicle; OV, otic vesicle; V4, fourth ventricle; V, ventricle; R, retina; TeVe,
tectal ventricle; DT, dorsal thalamus; oc, optic chiasm; TeO, optic tectum; PT, posterior tuberculum;
MO, medulla; VT, ventral thalamus; Po, preoptic region; RGCL, retinal ganglion cell layer; CMZ, ciliary
marginal zone.
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Comparing crk and crkl expression in the retina, early ubiquitous expression is
overlapping, suggesting that both are important in early retinal development, possibly in
retinal progenitor proliferation as both crk and crkl are expressed in the CMZ (Fig. 12).
Both genes are expressed in the optic chiasm (oc) at the same developmental stage (Fig.
12), indicating a possible redundant role in axonal guidance leaving the retina.
Expression of crkl in the RGCL at 72 hpf, although faint, suggests a role for crkl in late
development of this layer (Fig. 12 F). Overall, these data indicate that crk and crkl are
expressed in the correct place and time to be playing a role in retinal development, and
could have both redundant and unique functions.

3.3. Crk and Crkl deficient zebrafish lines
To determine if Crk and Crkl are important in embryonic eye development, we
used zebrafish lines with mutant alleles of crk and crkl. Mutant alleles were created by
CRISPR Cas9 technology, with guides created to exon 1 of each gene. The isolated crk
mutant allele contains a 25 base pair (bp) insertion which results in an early STOP codon.
The resulting protein is terminated at the beginning of the SH2 domain, and would be
presumably non-functional (Fig. 13 B). The isolated crkl mutant allele contains a 5 bp
deletion causing a frameshift in the mRNA sequence. Protein products from this allele
terminate prematurely after the addition of 13 incorrect amino acids at the beginning of
the SH2 domain, and would be presumably non-functional (Fig. 13 C). The crk mutant
allele is denoted with “c” and the crkl mutant allele as “l”, where wildtype are “C” and
“L” respectively.
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Figure 12. Comparison of crk and crkl expression in the developing retina. (A-F) 20 µm sections
through the center of in situ hybridization embryo retinas for crk (A, C, E) or crkl (B, D, F). (A, B) 48
hpf, (C, D) 60 hpf, and (E, F) 72 hpf embryos. Note overlapping expression of crk and crkl in the CMZ
and optic chiasm, and unique expression of crk throughout the retina and crkl in the RGCL. CMZ, ciliary
marginal zone; oc, optic chiasm; RGCL, retinal ganglion cell layer.
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We incrossed adult zebrafish heterozygous for both the crk and crkl mutant alleles
(CcLl). This mating scheme allowed us to observe the full spectrum of crk and crkl
mutant embryo phenotypes, including deficiency in one gene or both genes. There were
nine genotypes possible with this incross: crk wildtype/crkl wildtype (CCLL), crk
wildtype/crkl heterozygous (CCLl), crk wildtype/crkl homozygous (CCll), crk
heterozygous/crkl wildtype (CcLL), crk heterozygous/crkl heterozygous (CcLl), crk
heterozygous/crkl homozygous (Ccll), crk homozygous/crkl wildtype (ccLL), crk
homozygous/crkl heterozygous (ccLl), and crk homozygous/crkl homozygous (ccll). We
genotyped the resulting embryos at 72 hpf, before experimentation in order to reliably
correlate genotype with phenotype. The tip of the tail of each embryo was harvested and
genomic DNA was extracted. crk and crkl genotyping was performed from the genomic
DNA as described in methods (Chapter 2), and genotype was determined (Fig. 13 A).
Using this scheme, the whole embryo is preserved, and can be used for further
experimentation. We elucidated the resulting crk and crkl deficient phenotypes by
measuring eye size and body length, as well as inner retinal phenotype by transverse
sections through the forebrain of these embryos.

3.4. Crk and Crkl are important for eye development in Danio rerio
CcLl incross resulted in all nine expected genotypes, and all genotypes were
viable until at least 72 hpf (Fig. 14 A, B). All genotypes were recovered at expected
percentages, assuming Mendelian inheritance of the two genes (Fig. 14 A, B). Gross
morphological phenotypes are only present in ccLl and ccll, although slight heart
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Figure 13. Structure and genotyping of crk and crkl mutant alleles in Danio rerio. (A) Embryos from
CcLl x CcLl adult incross were determined to have crk and/or crkl mutation by removing the posteriormost portion of the tail fin for genomic DNA extraction. crk and crkl genotyping protocols could be
performed from the DNA extracted from the tissue. Embryos were genotyped individually and pooled by
genotype for further experimentation. (B) crk mutation in Danio rerio. CRISPR/Cas9 induced a 25 bp
insertion at the 38th nucleotide after the ATG in exon 1 of the crk gene. This mutation inserts a STOP
codon at the beginning of the lesion. The resulting protein terminates after the 13th amino acid of Crk, at
the beginning of the SH2 domain. Genotyping utilizes forward and reverse PCR primers created to exon
1 of crk around the mutation site. The insertion can be resolved on a 3% agarose gel after PCR
amplification. WT allele, 118 bp; Mutant allele, 143 bp; Purple nucleotides indicate the start codon; Red
N’s indicate inserted nucleotides with a box around the codon that becomes the STOP. (C) crkl mutation
in Danio rerio. CRISPR/Cas9 technology induced a 5 bp deletion at nucleic acid 96 in exon 1 of crkl,
causing a frameshift. After amino acid 32, the beginning of the SH2 domain, 12 aberrant amino acids are
added before termination. The deletion creates an MnlI restriction enzyme cut site not present in
wildtype. After PCR amplification with genotyping primers and restriction digest, the band difference
can be visualized on a 3% agarose gel. WT allele, 129 bp; Mutant allele, 105 bp; Blue nucleotides
indicate the start codon; Red nucleotides indicate the STOP codon after the frameshift.
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abnormalities and body axis defects are present in ccLL and Ccll genotypes (Fig. 14 A).
Loss of Crk function together with partial or total loss of Crkl function (ccLl, ccll) results
in heart edema, brain edema, small eye size, and body axis defects (Fig. 14 A).
Surprisingly, total loss of Crk or Crkl alone (ccLL, CCll) does not severely impact gross
morphology of 72 hpf embryos (Fig. 14 A). Eye diameter and body length measurements
suggest that only ccLl and ccll genotypes are correlated with both smaller eye size and
smaller body length compared to wildtype (CCLL) (Fig. 14 D, E). Interestingly, eye
diameter normalized to body length still portrays that eye size is smaller in these
genotypes, suggesting that eye size is especially impacted by loss of Crk and Crkl (Fig.
14 C). Overall, these results show that Crk and Crkl are required for proper embryonic
development and normal eye size. These findings also suggest that Crk and Crkl may be
able to compensate for one another, as loss of function of only one does not greatly
impact the embryo overall. Furthermore, total loss of Crk with partial loss of Crkl
portrays smaller eye size than total loss of Crkl with partial loss of Crk, suggesting that
Crk may be particularly important for eye size in zebrafish embryos.

To determine if loss of Crk and Crkl function impacts the structure of the retina,
sections through the forebrain of genotyped embryos from CcLl incrosses were obtained.
At 72 hpf, the zebrafish retina should be completely laminated and layers
characteristically structured. Compared to wildtype (CCLL), lamination is severely
impaired with complete loss of Crkl and either no loss or complete loss of Crk (CCll,
ccll) (Fig. 15 A). CCll and ccll retinas display disorganized structure with neurons packed
together in the cellular layers and almost complete loss of the synaptic layers, although
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Figure 14. CcLl incross results in embryos with small eye size. (A) Representative whole mount
lateral images of 72 hpf embryos resulting from crk heterozygous/crkl heterozygous incross. Nine
genotypes are observed and indicated in the bottom left corner of each image: CCLL, CCLl, CCll, CcLL,
CcLl, Ccll, ccLL, ccLl, ccll. Percentage of genotype expected/percentage of genotype recovered from
CcLl incross clutches (N=2, n=85 embryos successfully genotyped) on bottom right corner of
corresponding genotype image. (B) Punnett square of CcLl x CcLl incross assuming mendelian genetics.
All expected genotypes are found. (C) ccLl and ccll genotypes are correlated with smaller eye size
relative to body length. Eye diameter (µm) and body length (µm) of embryos of each genotype were
measured and the eye diameter/body length ratio was calculated and graphed. Graphs of eye diameter (D)
and body length (E) to show that ccLl and ccll genotypes are correlated with small eye size and body
length individually, as well as the ratio. Error bars on graphs indicate standard error of the mean (SEM).
C, crk wildtype allele; c, crk mutant allele; L, crkl wildtype allele; l, crkl mutant allele.

47

some lamination is still detectable (Fig. 15 A). Loss of Crk results in smaller observed
retinal area, but with complete or partial Crkl function, lamination is intact (Fig. 15 A).
These results suggest that Crkl, but not Crk, could possibly be important for correct
retinal lamination. Only complete loss of Crk and Crkl (ccll) is correlated with a decrease
in retinal cell number compared to wildtype (CCLL), suggesting that Crk and Crkl
together are required for proliferation of the retina (Fig. 15 B). Loss of one functional
protein does not affect the number of cells, implying redundant roles and possible
compensation. The number of cells per each retinal layer (RGCL, INL, ONL) does not
seem to be preferentially affected (data not shown). Notably, we observed phenotypic
variation between embryos within each genotype. Figure 16 highlights observed variation
of retinal phenotype, and the percentage each phenotype found within a genotype is
shown. This finding suggests that Crk and Crkl deficiency results in incomplete
penetrance of retinal phenotype. This is observed with CRKL knockout in mice, so it is
not surprising that we see it in zebrafish (Guris et al., 2001).

Crk and Crkl have recently been implicated in lens development of mice (Collins
et al., 2018), so we analyzed lens size in the Crk and Crkl deficient zebrafish embryos.
With complete loss of both Crk and Crkl, lens diameter and retinal width are decreased,
although the ratio of lens diameter/retinal width is not affected (Fig. 15 C, D, E). This
implies that both the lens and the retina are smaller in these embryos, and lens is not
distinctly targeted. Taken together, these results confirm that both Crk and Crkl are
critical for proper zebrafish eye development and seem to play both unique and redundant
roles in this tissue.
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Figure 15. Crk and Crkl are required for proper retinal development. (A) Representative
hemotoxylin and eosin stained 7 µm section images (100X magnification) through the center of the
forebrain of 72 hpf embryos resulting from an incross of adult fish heterozygous for both the crk and crkl
mutant alleles (CcLl). Embryos with 9 different genotypes are observed: CCLL, CCLl, CCll, CcLL,
CcLl, ccLL, ccLl, ccll. Genotype is indicated in the bottom left corner of each image. (B) Graph
comparing the total number of cells in the retina of each genotype. (C) Graph comparing retina width
(µm) between each genotype. (D) Graph comparing lens diameter (µm) between each genotype. (E)
Graph comparing lens diameter/retina width ratio between genotypes. Error bars on graphs indicate
standard error of the mean (SEM). N=3; total number of embryos = 42; n=5, except CCLL where n=4
and ccLL where n=3.
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Figure 16. Variation within crk and crkl genotypes. Hemotoxylin and eosin stained 7 µm section
images (200X magnification) through the center of the retina of 72 hpf embryos resulting from an incross
of adult fish heterozygous for both the crk and crkl mutant alleles (CcLl). Two images per genotype
show the variation seen within each genotype. Percentage of embryos with the particular retina
phenotype shown on bottom left corner of each image. N=3; total number of embryos = 38; n=5, except
ccLL where n=3.
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CHAPTER 4: DISCUSSION
Overall, our study indicates that Crk adaptor proteins play an important role in
the developing zebrafish eye. We have determined that both genes are conserved across
species, importantly between humans and zebrafish, and both are expressed within the
developing zebrafish retina at time points consistent with a role in eye development.
Furthermore, we have generated a zebrafish model in which we can study Crk and Crkl
function separately and together, and have determined that this model is useful for
observing developmental roles of these proteins. In mouse models, double knockout of
CRK and CRKL is lethal, so our zebrafish model is advantageous in that this genotype is
viable to at least 3 dpf, allowing us to study Crk adaptor null organisms. We conclude
that deficiency in Crk and Crkl during development negatively impacts eye size and
retinal lamination. Our results suggest that Crk and Crkl play both unique and redundant
roles in the developing eye, whereas Crk seems to be principally dictating eye size during
development although some compensation for total cell number is detected with Crkl,
while Crkl seems important for lamination, possibly independent of Crk.

Zebrafish expression patterns for both crk and crkl are similar to those in mice,
highlighting various central nervous system structures, including the retina (Magdaleno et
al., 2006). We have determined that crk is expressed in the zebrafish throughout the
developing nervous system, including the visual system, in the heart, developing fins, and
otic vesicles, suggesting that it could be playing a role in development of these tissues.
Expression of crk in the developing heart of the zebrafish implies functioning during
heart development, which is consistent with both mammalian expression patterns and
51

developmental roles (Park et al., 2006). Expression in proliferating portions of the
developing brain including near the ventricles in the forebrain and hindbrain suggest a
role for crk in mediating neuronal progenitor proliferation. CRK functions in proliferation
signaling pathways (Park et al., 2016, Larsson et al., 1999) and in promoting survival of
neurons (Glassman et al., 1997), so our expression pattern implies crk function in this
way in the developing brain. Faint expression of crk in the optic tectum and lateral optic
tectum could suggest a role for crk in patterning these tissues. CRK is known to be
important for neuronal migration in many laminated structures of the mammalian brain,
so it is unsurprising that we see expression in these regions (Park and Curran, 2008).

Crkl is also expressed throughout the developing nervous system, including the
visual system, in the developing ear, and fin buds, which implies function in these tissues.
As with crk, we observe many specific regions of the brain that express crkl, which is
consistent with CRKL’s known role in patterning this tissue (Park and Curran, 2008).
Crkl is found near the ventricles of the developing forebrain and in the tectal ventricle,
the ventricle between the two lobes of the optic tectum, which, as with crk, suggests a
proliferative role for specific areas of the brain, and is consistent with cellular roles of
CRKL (Park et al., 2016, Larsson et al., 1999). Fin bud expression of both crk and crkl
implies function in limb formation during embryogenesis. Consistent with this, CRKL is
known to influence limb formation in mice specifically in mediating FGF signals (Moon
et al., 2006, Brewer et al., 2015).
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In the visual system, we see expression in the optic tectum and optic chiasm,
specifically in the optic nerve eye exit point, for both genes. In the retina, crk is expressed
ubiquitously through all developmental stages, with slightly increased expression in the
ciliary marginal zone after 36 hpf. Crkl is expressed ubiquitously early in retinogenesis,
but expression decreases significantly at later developmental time points and faint
expression becomes confined to the retinal ganglion cell layer at 72 hpf. Retinal
expression of both genes is consistent with functions within the developing zebrafish
retina.

Spatial and temporal redundancy of expression in the early eye field and later in
the ciliary marginal zone (CMZ), suggest that both crk and crkl could be important in cell
proliferation of the developing retina. Interestingly, crk expression persists in the CMZ,
but crkl expression in the proliferating zones of the retina decreases through
development, which could implicate crk specifically in proliferation at later
developmental stages. We have also observed that deficiency in these proteins,
specifically in Crk, results in reduced eye size and cell number confirming a role in eye
growth. Both CRK and CRKL have been implicated in proliferation and survival of many
different cell types, including neurons, downstream of growth factors (Larsson et al.,
1999, Glassman et al., 1997, Beitner-Johnson et al., 1996, Weinstein et al., 1999), so it is
not surprising that these proteins could be mediating proliferation signals in the retina.
Further studies should be conducted to determine if there is a specific role for CRK,
without CRKL, in proliferation and growth in the eye, as well as to determine if CRK
adaptors are functioning in proliferation pathways, in promotion of cell survival by
53

inhibiting cell death, or though a combination of both. Immunohistochemical experiments
labeling cell proliferation and cell death markers could be performed on Crk/Crkl
deficient embryos to observe any possible changes in the amount of cells either
proliferating or dying in the retina through development.

CRK adaptor proteins are known to be important in FGF signal transduction, and
could be mediating these signals during eye development. FGF signaling in the
developing retina in early retinogenesis is pro-proliferative (Lillien and Cepko, 1992),
and later is pro-neural to specify retinal cell fate (Fischer et al., 2002, McFarlane et al.,
1998, Patel and McFarlane, 2000, McCabe et al., 1999, Martinez-Morales et al., 2005).
CRK is known to promote FGF receptor signaling resulting in proliferation (Seo et al.,
2009, Larsson et al., 1999, Brewer et al., 2015) and importantly, FGFR/CRK/MAPK
activation on an organismal level has been suggested to regulate craniofacial,
cardiovascular, limb, and lens development (Brewer et al., 2015, Collins et al., 2018,
Moon et al., 2006), aspects of which we observe in the current study. It is possible that
FGF/CRK signaling is influencing development of the retina. Fgfr1a and fgfr1b, the two
FGFR1 genes in zebrafish, are expressed in the ciliary marginal zone of the developing
retina (Rohs et al., 2013), and could be a signal of proliferation that crk and crkl are
transducing there. With loss of Crk/Crkl, the Fgf signal might be perturbed, leading to a
decrease in proliferation, or possibly a decrease in differentiation of retinal neurons.

Experimentation should be conducted first to determine if the decrease in retinal
size in Crk/Crkl deficient embryos is due to loss of proliferation, and if so, determine if
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this loss of proliferation is dependent on Fgf-mediated signaling. It would be interesting
to see if loss of Fgfr1a or Fgfr1b in the zebrafish retina decreases retinal proliferation,
and if so, see if this loss of proliferation can be rescued by reintroduction of Crk/Crkl.
Because Crk/Crkl must be brought to the membrane in order to induce downstream
signaling, and because loss of Fgfr would eliminate the phosphorylation event that would
recruit Crk adaptors to the membrane, we would need some way to drive Crk signaling
independent of the upstream signal. Ideally, this recruitment would be transient to mimic
Crk adaptor signaling in vivo. To do this, chemically induced dimerization rescue
experiments could be implemented (Rakhit et al., 2014). One dimerization chemical
system that has been used to induce membrane localization uses the plant hormone ABA,
which induces dimerization of regions of PYL and PP2C proteins (Liang et al., 2011).
Complementary dimerization domains of proteins that interact upon stimulation with a
particular chemical could be attached to both Crk and to the membrane. Upon chemical
stimulation, the domains would interact to position Crk at the membrane, and this could
be reversed by removal of the chemical. This would allow us to drive downstream Crk
signaling independent of Fgfr in order to answer whether Crk signaling is downstream of
Fgf in this context.

In this study, we have not determined if there is a retinal differentiation phenotype
with Crk/Crkl deficiency, but this would be useful in determining if Crk adaptors in the
zebrafish retina could be transducing Fgf signals for pro-neural fate. A differentiation
phenotype could first be evaluated using transgenic zebrafish that distinctly label all of
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the differentiated neuronal layers of the retina, like the Spectrum of Fates zebrafish
(Almeida et al., 2014), which is a tool we have at our disposal.

One exciting phenotype we see in specifically Crkl deficient embryos is defective
retinal lamination, implying that Crkl could be functioning in neuronal layer formation in
the eye. To further evaluate the retinal lamination defects we see in Crkl deficient
embryos, we could cross our mutant zebrafish lines onto the Spectrum of Fates transgenic
line described above to observe lamination defects in live embryos. We could also easily
visualize individual neurons and their migration paths within the retina of mutant
embryos by utilizing the Zebrabow transgenic line (Pan et al., 2013) that individually
labels neurons with different combinations of fluorescent proteins. In this way, we could
continue to characterize the consequence of Crk adaptor functioning in retinal migration
and consequential lamination.

RELN pathway players have been implicated in many aspects of retinal
development, so it is feasible that CRK adaptors are acting in a manner similar to cortical
development, in controlling lamination of the retina. RELN is found expressed in the
retinal ganglion cell layer, and both ApoER2 and DAB1 are expressed in amacrine cells
during retinal development (Schiffmann et al., 1997, Trotter et al., 2011, Rice and
Curran, 2000).

RELN/ApoER2/DAB1 signaling has been shown to control the

distribution of synapses between amacrine and bipolar cells in the inner plexiform layer,
implying a role in structure and function of synapses in the retina, which when lost results
in a loss of bipolar cells (Rice and Curran, 2001, Trotter et al., 2011). Crk and crkl are
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expressed faintly in this region of the zebrafish retina, and we observe defects in inner
plexiform layer formation with Crkl deficiency, suggesting Crkl could possibly be
downstream of Reln signaling in this context, although further experimentation is needed
to confirm this.

Crkl could also be functioning independently of Reln during eye development in
coordinating migratory signals. Laminin/integrin signaling from the basal lamina of the
retina is known to be important for terminating migration of retinal ganglion cells for
proper lamination, and CAS, a prominent CRK SH2 binding protein, is integral in this
signaling mechanism (Riccomagno et al., 2014, Icha et al., 2016). Interestingly, tyrosine
phosphorylated CAS protein is required to terminate migration at the basal surface of the
retina, implying that CAS protein docking sites are needed to transduce downstream
integrin signaling in RGCs (Riccomagno et al., 2014). CRK adaptor proteins interact with
CAS upon integrin signaling in other contexts (Chodniewicz and Klemke, 2004), so it is
likely that this could be happening in the retina. We have found that crk and crkl are
expressed in the retina during RGC migration (36 hpf) and embryos deficient in Crkl
have gross defects in retinal lamination. Since it has been suggested that correct
lamination of the retina is dependent on correct RGC migration (Icha et al., 2016), a
defect in RGC migration could lead to the impaired lamination of the entire eye, which is
what we observe. To determine if Crkl is functioning in this manner in RGC migration,
we could disrupt laminin/integrin signaling in the developing eye and see if
reintroduction of inducible membrane-bound Crkl could rescue RGC migration and
overall retinal lamination (similar possible rescue experiment described above). This
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could implicate Crkl downstream of integrin in laminin-mediated RGC migration and
neuronal positioning.

Because CRK adaptor proteins interact with many different signaling molecules,
there are many proteins that CRK could be interacting with, and signals that CRK could
be transducing, during eye development. One potential interaction in the developing
retina is with the DCBLD family of proteins. CRK adaptors are known to bind to both
DCBLD1 and DCBLD2 via an SH2 domain/phospho-YXXP motif interaction (Schmoker
et al., 2017), although the resulting functional relevance of this interaction is unknown.
Interestingly, both of these proteins are also expressed in the developing zebrafish retina,
and Dcbld2 inhibition results in retinal deficits (data not shown), so they could be
interacting with Crk adaptors in this context. Along with upstream signaling interactions
mediating CRK functions, distinct downstream CRK interactors, with different cellular
consequences, could be influencing the phenotypes we see in the developing retina.
Varying spatial expression of guanine nucleotide exchange factors, like SOS, C3G, or
DOCK180, generates diverse signal transduction, and could be leading to the divergent
functions of proliferation and migration that we see in the zebrafish eye. Further
investigation of CRK interaction with these proteins, as well as other known CRK
interactors, is fundamental in understanding the role these signaling complexes could be
playing in the formation of the eye.

Although not explicitly studied here, Crk adaptors could also be playing an
integral role in patterning other areas of the visual system outside of the retina. In the
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optic tectum, the visual information processing center of the brain, a RELN expression
gradient has been determined to be crucial in targeting RGC axon synapses, both in
zebrafish and in mammals (Di Donato et al., 2018, Su et al., 2011). Both vldlr and dab1a
(Zebrafish homolog of DAB1) are expressed in RGCs at 72 hpf, and function to relay the
Reln signal for RGC axon synaptic targeting (Di Donato et al., 2018). The expression of
crkl observed in the RGCL in zebrafish could implicate Crkl in downstream Reln
signaling in RGC axon targeting to the visual centers of the brain. To begin to answer this
question, retinotectal mapping to the optic tectum (or labeling of RGC axons) in embryos
deficient in Crkl should be performed to see if the loss of RGC targeting found in Vldlr
and Dab1a mutants is phenocopied.

Crk and crkl are also expressed in the optic chiasm, pointedly where the optic
nerve exits the eye. This suggests that these two proteins could be regulating RGC axon
guidance out of the developing retina. Classically, Netrin-1, through interaction with the
DCC receptor on RGC axons, is known to be important for optic nerve guidance out of
the retina (Deiner et al., 1997, de la Torre et al., 1997). Laminin/integrin signaling has
also been implicated in optic nerve guidance (Oster and Sretavan, 2003, Hopker et al.,
1999, Reichardt et al., 1992). At the eye exit point, Laminin seems to function as a
repulsive cue to axons attracted to Netrin, and causes axons to leave the eye (Hopker et
al., 1999). CRK and CRKL are known to function downstream of Laminin signals
(Chodniewicz and Klemke, 2004, Li et al., 2003). Furthermore, CAS, a prominent CRK
binding protein, has been implicated in Netrin signaling in spinal cord neuron migration
(Moore et al., 2012, Liu et al., 2007). CRK and CRKL are both known to be important
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regulators of the actin cytoskeleton and cell migration, so it would be unsurprising for
these proteins to be functioning in this way in RGC axon growth. Because candidate cell
signaling pathways are functioning in RGC axon guidance here, and crk and crkl are both
expressed and are known to function similarly in other tissues, it is possible that another
function of these two proteins in visual system development is in RGC axonal guidance
leaving the retina. Further exploration of this possible function is necessary. To test if
Crk/Crkl are important for RGC axon outgrowth from the retina, we could observe
labeled RGC axons in Crk/Crkl deficient embryos, and determine if there is a defect in
outgrowth from the eye. We can visualize axonal outgrowth using a transgenic zebrafish
line containing the green fluorescent protein gene driven behind the isl2b promoter to
label differentiated RGCs and their axons.

The Crk/Crkl deficient phenotypes we observed in the current study are
consistent with other studies using mouse models of CRK and CRKL function. Our
Crk/Crkl deficient embryos also have developmental defects reminiscent of those found
in Miller-Dieker Syndrome and Di George Syndrome, the two human diseases whose
genetic cause includes CRK adaptor deficiency. Embryos deficient in Crk/Crkl have clear
defects in heart development, and both CRK and CRKL are known to be important for
cardiovascular development in mouse models (Park et al., 2006, Guris et al., 2001, Moon
et al., 2006, Racedo et al., 2015). We also see defects in craniofacial development,
particularly in jaw formation, and also brain development defects with Crk/Crkl
deficiency, which phenocopies mouse (Guris et al., 2001, Park et al., 2006, Park and
Curran, 2008). Furthermore, Crk and Crkl have been implicated in lens fiber cell
60

elongation dictating proper lens formation in mice (Collins et al., 2018), and we have
confirmed these results by observing a trend toward smaller lens size with Crk and Crkl
double knockout, although our results suggest that the lens is not preferentially affected
compared to the eye. We observe variation in eye phenotypes of Crk/Crkl deficient
zebrafish embryos suggesting incomplete penetrance of mutant phenotypes, which is
similar to what is observed in genetic knockout mouse models of CRK and CRKL (Guris
et al., 2001, Park et al., 2006). Overall, we observe Crk and Crkl deficiency phenotypes
that suggest that these proteins are functioning similarly in zebrafish development as in
mammalian development, although aspects of these defects should be studied further to
confirm our results.

crk and crkl expression within the developing brain, in addition to brain edema
and general disorganization of brain structures in Crk/Crkl mutants, suggest that Crk and
Crkl together could be important for neuronal migration and lamination in the developing
brain in the zebrafish, reminiscent of what has been shown previously in mouse (Park
and Curran, 2008). Because we also see lamination defects upon loss of these proteins in
the zebrafish eye, Crk and Crkl seem to be critical for neuronal migration throughout the
developing central nervous system, not just in the brain. These findings are intriguing and
important, as they shed light on a possible conserved mechanism of central nervous
system structural determination through CRK adaptor mediated migration. In the cortex,
CRK adaptors function in the RELN signaling pathway (discussed in Chapter 1) and it
remains to be determined whether CRK adaptors are functioning downstream of RELN
signaling within the developing retina, or downstream of another migratory signal.
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We have determined that Crk adaptor proteins are critical for eye development
in zebrafish. Importantly, we have implicated both unique and redundant roles of Crk and
Crkl in the development of this tissue. Further studies are needed to fully elucidate the
function of Crk and Crkl in different aspects of retinal development, including
proliferation, lamination, and possibly differentiation, and in what contexts these proteins
can compensate for one another and where they are functioning independently. Our
model is ideal for doing just this, and we hope to expand these studies in the future.
Elucidating protein interactions and cell signaling cascades that these proteins are
involved in during retinal development will also help to illuminate Crk adaptor function
in this tissue, and help us to piece together signaling mechanisms of retinal development
that have previously remained elusive. This study, although preliminary, has opened the
door to studying a previously unknown role of two very important signaling molecules in
retinal development, and has suggested a cell signaling mechanism for neuronal
migration in the retina.
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